INTRODUCTION
This article is a product of IUPAC Project 2002-005-1-100 (Thermodynamics of ionic liquids, ionic liquid mixtures, and the development of standardized systems) chaired by Kenneth N. Marsh (University of Canterbury, Christchurch, New Zealand). Members of the project task group were Joan F. Brennecke (University of Notre Dame, Notre Dame, Indiana, USA), Michael Frenkel (National Institute of Standards and Technology, Boulder, Colorado, USA), Andreas Heintz (University of Rostock, Rostock, Germany), Joseph W. Magee (National Institute of Standards and Technology, Boulder, Colorado, USA), Cor J. Peters (Delft University of Technology, Delft, Netherlands), Luis Paulo N. Rebelo (Universidade Nova de Lisboa, Oeiras, Portugal), and Kenneth R. Seddon (the Queen's University of Belfast, Belfast, Northern Ireland, UK). The proposal for the project was also endorsed and approved by the International Association of Chemical Thermodynamics (IACT) [1] .
Ionic liquids represent a class of liquid solvents having some characteristics of molten salts and are moisture-, air-, and temperature-stable with melting temperatures often below or near room temperature. Many ionic liquids consist of cations based on alkylimidazolium or alkylpyridinium ions and anions such as tetrafluoroborate, hexafluorophosphate, bis[(trifluoromethyl)sulfonyl]amide, tri-Results of the measurements on the IUPAC sample were published by the experimentalists in 21 journal articles and reports that are publicly available. Some property values are published with the separate discussion of experimental methods [3] . All results are combined and compared here, and recommended values and equations for each measured property are provided. Other measurements reported in the literature (approximately 26 additional articles) for [C 6 mim][NTf 2 ] were considered, but generally, were not included in the evaluation process. Full bibliographic information for the measurements is given later in this report. Results obtained with the IUPAC sample are clearly indicated in all tables and figures.
SYNTHESIS AND CHARACTERIZATION OF THE IUPAC SAMPLE
A major impetus for this project was the existence of serious disagreements in the literature between property values measured independently for the same nominal ionic liquid. Subsequent research demonstrated that measured properties of ionic liquids were sensitive to the presence of relatively small amounts of water. (See [4] and refs. therein.) This, in combination with the hygroscopic nature of many ionic liquids, is at the core of the disagreements in the literature. In view of these results, the sample of [C 6 mim][NTf 2 ] used by the participants in this IUPAC project was carefully synthesized, characterized, and handled by all research groups, with particular care with regard to water contamination. Most researchers included coulometric Karl Fischer titrations before and after their measurements to demonstrate the absence of significant amounts of water. Full details of the synthesis and analysis have been published [4] . The sample was demonstrated to have a mole fraction purity greater than 0.995 by a variety of methods and a water mass fraction less than 0.000 01 [4] . A fractional melting study with adiabatic calorimetry [5] showed the mole fraction purity of the sample to be 0.9976.
DATA CAPTURE AND CRITICAL EVALUATION PROCEDURES
All of the available experimental property data for [C 6 mim][NTf 2 ] were compiled at the NIST Thermodynamics Research Center (TRC) Data Entry Facility using guided data capture (GDC) software previously described [6] . All values were checked for typographical errors and obvious inconsistencies before loading into the NIST/TRC SOURCE Data Archival System [7, 8] . Recommended values were derived based on weighted averaging for single-valued properties and weighted fitting of appropriate equations for properties involving independent variables. Weights were based upon estimated combined expanded uncertainties for the experimental values. All averaging and curve fitting procedures were done with the aid of the NIST ThermoData Engine [9,10] data expert system software.
The expressions of uncertainty in this paper conform to the Guide to the Expression of Uncertainty in Measurement, ISO (International Organization for Standardization), October, 1993 [11] . Reference [1] is commonly referred to by its abbreviation-the GUM. The recommendations have been summarized in Guidelines for the Evaluation and Expression of Uncertainty in NIST Measurement Results [12] , which is available via free download from the Internet (<http://physics.nist.gov/cuu/>; accessed 20 January 2009). Recently, the recommendations of the GUM were summarized with particular application to the reporting of experimental thermodynamic property data [13] .
All uncertainties given in this article are expressed as the combined expanded uncertainty with coverage factor k = 2, corresponding to a confidence level of approximately 95 %. [5, 14] and differential scanning calorimetry (DSC) [15] . The same general phase behavior was observed by all researchers. Upon initial cooling the sample of [C 6 mim][NTf 2 ] did not crystallize, but formed a glass with a glass-transition temperature within several kelvins of T = 185 K. Crystallization was initiated when the sample was reheated above the glass-transition temperature, however, the crystals that formed initially were metastable. The normal melting temperature T m of these metastable crystals was observed to be near T = 266 K by Archer [15] and Shimizu et al. [14] . Conversion from the metastable to stable crystals (T m ≈ 272.1 K) occurred spontaneously, but slowly. Indeed, several early studies [16, 17] reported the lower value as T m for the stable crystals.
Careful DSC by Archer revealed the presence of a crystal-to-crystal transformation in the metastable crystal form of [C 6 mim][NTf 2 ]. The enthalpy of this transition (centered near T = 231 K) was shown to decrease on repeated scans through the region between T = 203 K and T = 258 K, as the sample converted to the stable form at the higher temperatures. The enthalpy of the transition was found to be essentially invariant, if the upper limit of the cycled range was less than T = 253 K. The presence of the crystal-to-crystal transition in the metastable crystal form can also be seen in the adiabatic calorimetric results of Blokhin et al. [5] , as discussed later with the heat capacity evaluations.
In studies with adiabatic calorimetry, Shimizu et al. [14] annealed the sample for three days near T = 215 K and did not report evidence for the metastable phase. Blokhin et al. [5] always annealed their sample more than 20 K above this temperature and encountered problems with irreproducible results for T > 220 K in the crystal phase. Because of the lack of evidence for the presence of the metastable crystal phase, plus the fact that they reported the highest enthalpy of fusion for the ionic liquid (indicating the most complete conversion from the liquid to the crystal form), the results by Shimizu et al. [14] are considered the most reliable for the stable crystal phase and for the properties of the crystal-toliquid transition.
Triple-point temperature
Experimental values reported for the triple-point temperature T tp are listed in Table 1 together with values for the normal melting temperature. Results of measurements for samples other than the IUPAC sample are included in the table. Uncertainties for the experimental values are those provided by the authors. Often, these are not the combined expanded uncertainty, so direct comparisons or statistical weightings based on these values are not possible. (Issues related to the reporting of uncertainties in the literature were discussed recently [18] .) The recommended value for T tp is that measured by Shimizu et al. [14] , with the estimated uncertainty based on the experimental method, plus typical uncertainties associated with thermometer calibrations and temperature gradients in similar calorimeters. 
Enthalpy of fusion
Experimental values reported for the enthalpy of fusion ∆ l cr Η are also listed in Table 1 with uncertainties provided by the authors. The very low value of ∆ l cr H from the work of Tokuda et al. [17] is for the metastable crystal form. The recommended value for the enthalpy of fusion is that measured by Shimizu et al. [14] , with the uncertainty estimation based on the experimental method. Values determined by Archer [15] and Blokhin et al. [5] are slightly lower. Although the listed values for the enthalpy of fusion determined with adiabatic calorimetry by Shimizu et al. [14] and Blokhin et al. [5] differ by approximately 0.9 %, this difference probably can be attributed to less complete annealing of the sample by Blokhin et al. [5] .
Glass-transition temperature
The various reported glass-transition temperatures are listed in Table 1 . No recommendation is given for this quantity because it is dependent on the thermal history of the sample, and is not a thermodynamic property.
Heat capacities for the crystal state
Blokhin et al. [5] reported results for an "alpha", "beta", and "gamma" crystal form that, in retrospect, are the results of different degrees of annealing of the stable crystal form. Heat capacities reported by Blokhin et al. [5] for the "beta" and "gamma" crystals are lower than those for the "alpha" form as the triple-point temperature is approached, which can be indicative of slow annealing of the sample (i.e., conversion to the stable crystal form). This implies that the results for the "alpha" crystal reported by Blokhin et al. [14] should most nearly approximate those of the stable crystal form. As noted earlier, heat capacity values reported by Shimizu et al. [5] appear to be the most reliable for the crystal phase, however, they did not make an extensive study of the annealing procedures, so at this time, these measurements cannot be considered definitive.
A comparison of the adiabatic calorimetric results of Blokhin et al. [5] and Shimizu et al. [14] is shown in Fig. 2 . The agreement between these studies is fair for temperatures T < 200 K and in the liquid phase (T > 272.1 K) with differences, generally, within 0.4 %, which is the relative uncertainty claimed by Blokhin et al. [5] for their results in the temperature range 20 < (T/K) < 370. Shimizu et al.
R. D. CHIRICO et al.
[14] reported a detailed uncertainty budget for one heat capacity value in the liquid at T = 298.15 K, which yielded a combined expanded uncertainty (with k = 2) of slightly less than 0.1 %.
The general features of the observed differences for the crystal phase can be understood with the aid of the DSC study by Archer [15] . With DSC, measurements can be made in rapid succession with small sample sizes. This allows detection of thermal events that cannot be observed with traditional adiabatic calorimetry because the rate of measurements with DSC is several orders of magnitude faster than with adiabatic calorimetry. The excess heat capacity above T = 200 K in the results reported by Blokhin et al. [5] (Fig. 2) probably arises from the presence of the crystal-to-crystal phase transition in the metastable crystal form of [C 6 mim][NTf 2 ] shown by Archer [15] . The low heat capacities by Blokhin et al. [5] between T = 230 K and T tp might be attributed to spontaneous warming of the sample caused by the conversion from the metastable to stable forms. Results by Shimizu et al. [14] showed no evidence of excess heat capacity or phase conversion after annealing of the sample near T = 215 K. Blokhin et al. [5] did not anneal their sample at temperatures lower than T ≈ 237 K, which might underlie some of the differences observed for the crystal state.
Although the results by Shimizu et al. [14] are considered the most reliable for the crystal state, recommendations for heat capacities of the crystal state cannot be made at this time because of the complex solid-state behavior. Further calorimetric and structural studies are justified.
Heat capacities for the liquid state (near pressure p = 0.1 MPa)
In addition to the adiabatic calorimetric results reported by Blokhin et al. [5] and Shimizu et al. [14] , Archer [15] reported heat capacities for the IUPAC sample in the liquid phase measured with DSC. The recommended values are the result of a weighted least-squares fit of a polynomial to these values.
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The equation is valid from near the glass-transition temperature (T = 190 K) to the high-temperature limit of the values reported by Blokhin et al. [5] (T = 370 K). The combined expanded uncertainties for the heat capacities of the liquid are 0.6 % at T = 190 K, decrease linearly with temperature to 0.2 % at T tp , and increase linearly to 0.5 % at T = 370 K.
A deviation plot for all measurements of heat capacity for the liquid phase is shown in Fig. 3 . Deviations for studies done on non-IUPAC samples of [C 6 mim][NTf 2 ] by Crosthwaite et al. [16] , Diedrichs and Gmehling [19] , and Ge et al. [20] are included in Fig. 3 . Deviations of the results obtained with DSC [15, 16, 19, 20] are surprisingly large. Uncertainties for heat capacities obtained with DSC are typically near 2 % and can be even less. The origin of these deviations is unknown. relative to the critically evaluated values C p (eval) calculated with eq. 1. , Shimizu, et al. [14] ; , Blokhin et al. [5] ; ○ , Archer [15] ; ×, Diedrichs and Gmehling [19] (non-IUPAC sample); , Ge et al. [20] (non-IUPAC sample).
Values reported by Crosthwaite et al. [16] for T = 298.15 K and T = 323.1 for a non-IUPAC sample are approximately 7 % low and are not shown. The dashed lines represent the combined expanded uncertainties for C p (eval).
Gomes de Azevedo et al. [28] {298 < (T/K) < 333}, Kato and Gmehling [29] {293 < (T/K) < 358}, Lopes et al. [30] {298 < (T/K) < 333}, Tokuda et al. [17] {288 < (T/K) < 323}, Kumelan et al. [31] {290 < (T/K) < 307}, Tokuda et al. [32] {288 < (T/K) < 313}, and Muhammad et al. [33] 
Recommended values were determined with a weighted least-squares fit to all values determined with the IUPAC sample except those by Lachwa et al. [21] . (Lachwa et al. were most interested in determination of excess volumes and liquid-liquid equilibria (LLE) with alcohols, and their ionic liquid sample was subject to varying degrees of degassing and drying.) The recommended values are expressed by the following equation for the temperature range 258 < (T/K) < 373. The combined expanded uncertainty (with k = 2) is estimated to be 0.1 % for the entire temperature range.
The density ρ at T = 298.15 K calculated with this equation is (1372.21 ± 1.37) kg m -3 . This value is provided here as a convenient check for proper implementation of the equation in a computer program by the reader. Analogous values are given for all critically evaluated properties represented with equations.
Deviations for all of the studies involving the IUPAC sample are shown in Fig. 4 , and those involving samples other than the IUPAC sample are shown in Fig. 5 . In Fig. 4 , the results of Lachwa et al. [21] are generally quite low, and in Fig. 5 , it is seen that nearly all deviations from the recommended values are negative. Both of these observations are consistent with the samples not being completely dried, as discussed by Widegren and Magee [4] .
Critical evaluation and recommended property 799 MPa from the critically evaluated values ρ(eval) calculated with eq. 2. , Kandil et al. [22] ; +, Widegren and Magee [4] ; , Esperanca et al. [23] ; , Seddon and Driver [3, 24] ; ×, Domanska and Marciniak [25] ; , Lachwa et al. [21] . Water and air content was not controlled by Lachwa et al. [21] . The dashed lines represent the combined expanded uncertainties for ρ(eval).
Density of the liquid at high pressures
Densities of the IUPAC sample of [C 6 mim][NTf 2 ] for the liquid state at high pressures were determined by Kandil et al. [22] {298 < (T/K) < 423, 0.1 < p/MPa < 40} and Esperanca et al. [23] {293 < (T/K) < 338, 0.1 < p/MPa < 65}. Earlier, measurements on an independent sample of [C 6 mim][NTf 2 ] were published by Gomes de Azevedo et al. [28] {298 < (T/K) < 333, 0.1 < p/MPa < 60}. References [23] and [28] represent results from the same laboratory. The earlier measurements [28] were made on a sample that contained as much as 0.0075 mass fraction water, which has been shown to result in densities that are low by approximately 0.3 % [4] . Recommended values were determined with a weighted least-squares fit of the Tait equation to all values determined with the IUPAC sample. The form of the Tait equation used is expressed as follows:
where ρ°is the density at reference pressure 101. , Tokuda et al. [32] , , Muhammad et al. [33] . Values of ρ(eval) were calculated with eq. 2. The dashed lines represent the combined expanded uncertainties for ρ(eval).
Critical evaluation and recommended property 801 No recommended values are given here, as this was the only set of such measurements performed. It is difficult to assess uncertainties for these measurements because of the very low pressures involved and the lack of related thermodynamic properties for demonstration of thermodynamic consistency. Uncertainty estimates were not provided by the authors. In addition to values near p = 0.1 MPa, Kandil et al. [22] reported viscosities for pressures up to p = 50 MPa over the entire temperature range. As this was the only set of such measurements made, no recommendations are given here. The combined expanded uncertainty (k = 2) given by the authors was 2 %. Ahosseini and Scurto [36] also reported viscosities at high pressures (to 124 MPa) for a non-IUPAC sample with an estimated uncertainty (undefined) near 3 %. These values are consistent with the recommended values near 0.1 MPa given in this paper and with the high-pressure results of Kandil et al. [22] .
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Electrolytic conductivity (near pressure p = 0.1 MPa)
The electrolytic conductivity of the IUPAC sample of [C 6 mim][NTf 2 ] was measured by Kandil et al. [22] {278 < (T/K) < 323}, Widegren et al. [37] {288 < (T/K) < 323}, and Widegren and Magee [4] {288 < (T/K) < 323}. Expanded combined uncertainties (k = 2) were estimated to be 2 % by all researchers using the IUPAC sample. Values determined with non-IUPAC samples were reported by Tokuda et al. [17] {263 < (T/K) < 373} and Tokuda et al. [32] {263 < (T/K) < 373}.
Recommended values were determined with a weighted least-squares fit of eq. 5 to all values determined with the IUPAC sample. Deviations for all of the measured electrolytic conductivities are shown in Fig. 9 . Electrolytic conductivity κ as a function of temperature for the IUPAC sample of [C 6 mim][NTf 2 ] is represented by the following polynomial:
The range of validity is 278 < (T/K) < 323. The estimated combined expanded uncertainties (k = 2) for the electrolytic conductivity values are 2 %. The electrolytic conductivity κ at T = 298.15 K calculated with this equation is (0.2167 ± 0.0043) S m -1 . Tokuda et al. [17, 32] also reported values at temperatures outside of the range of validity for eq. 5, and these are not shown in Fig. 9 .
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Critical evaluation and recommended property 803 The IUPAC sample was studied by: , Kandil et al. [22] ; ×, Santos et al. [35] ; , Widegren and Magee [4] ; , Seddon and Driver [24] . Non-IUPAC samples were studied by: , Fitchett et al. [26] ; ○ , Crosthwaite et al. [16] ; , Tokuda et al. [17] ; ♦ , Tokuda et al. [32] ; , Ahosseini and Scurto [36] ; +, Mohammad et al. [33] . The dashed lines represent the combined expanded uncertainties for η(eval). Widegren et al. [37] ; , Kandil et al. [22] ; , Widegren and Magee [4] . Non-IUPAC samples were studied by: ♦ , Tokuda et al. [17] ; ○ , Tokuda et al. [32] . The dashed lines represent the combined expanded uncertainties for κ(eval).
Speed of sound (near
Effect of water on the properties of [C 6 mim][NTf 2 ]
The effect of water on the properties of the [C 6 mim][NTf 2 ] was studied by Widegren and Magee [4] (densities, viscosities, speeds of sound, and electrolytic conductivities) and Widegren et al. [37] (electrolytic conductivities). Figures 10-13 show the variation of these properties with water content, as reported by Widegren and Magee [4] . The dashed lines are guides for the eye. The error bars represent the combined expanded uncertainties (k = 2) estimated by the authors [4] .
is near x = 0.22, as discussed later. The four figures were drawn so that the upper extreme of the horizontal axis corresponds approximately to the water saturation limit. Water contents for ionic liquids are often expressed in mass fraction of water. Because of the large difference in molecular mass between the two components, this can give a misleading impression concerning the amount of water present. w = 0.01 corresponds to mole fraction x = 0.20. In view of this, plus the hygroscopic nature of ionic liquids, it is apparent that many of the inconsistencies between properties of ionic liquids reported in the literature by different research groups can be traced to inadequate control of water exposure. A review of the deviation plots for the various properties discussed above shows that most large deviations of results for non-IUPAC samples from the recommended values can be accounted for, if the presence of water is assumed.
MIXTURE PROPERTIES (VAPOR-LIQUID EQUILIBRIA)
Vapor-liquid equilibrium with CO 2 ("gas solubility")
The solubility of CO 2 in the IUPAC sample of [C 6 mim][NTf 2 ] was measured by Kumelan et al. [31] , Costa Gomes [44] , Muldoon et al. [45] , Shiflett and Yokozeki [46] , and Peters and coworkers [47] . In addition, several research groups reported CO 2 solubilities for non-IUPAC samples; Aki et al. [27] , Kim et al. [48] , Kim et al. [49] , and Shin et al. [50] . The temperature and pressure ranges for each study are shown in Fig. 14. The solubility pressures for the studies with the IUPAC sample were modeled with a method similar to that described by Kumelan et al. [31] [31]; , Costa Gomes [44] ; ○ , Muldoon et al. [45] ; , Shiflett and Yokozeki [46] ; , Peters and coworkers [47] . Non-IUPAC samples were used by: +, Aki et al. [27] ; , Kim et al. [48] ; ×, Kim et al. [49] ; ♦ , Shin et al. [50] . (7) k H,CO2 = 30.965 -2351.6/(T/K) -2.6365ؒln(T/K),
and k H,CO 2 is the Henry's law constant of CO 2 (g) in [C 6 mim][NTf 2 ] on the molality scale, and m 1 and x 1 are the molality and mole fraction of CO 2 in the liquid phase, respectively. The parameters of eq. 8 were determined though fitting of k H,CO2 values derived with extrapolations of the experimental values from higher pressures. The elements of the a matrix are: a 1,0 = 0.636 666, a 2,0 = -4.289 230, a 1,1 = -0.001 897, and a 2,1 = 0.011 980. Deviation plots for all of the VLE studies with carbon dioxide are shown in Fig. 15 (as percent deviations) and Fig. 16 (as absolute deviations) . For mole fractions of carbon dioxide x CO2 ≥ 0.1, the combined expanded uncertainty (k = 2) for the solubility pressure is estimated to be 10 % of the pressure p for x CO2 = 0.1 and decreases to 5 % for x CO2 = 0.7. The upper temperature and pressure limits of the recommended values are T = 413 K and p = 13 MPa. For x CO2 < 0.1, the combined expanded uncertainty (k = 2) is estimated to be the greater of 0.1ؒp and 40 kPa for x CO2 = 0.1, and falls to the greater of 0.1ؒp and 5 kPa, as x CO2 → 0. Evaluated solubility pressures for some specific conditions are listed in Table 2 . and Yokozeki [46] ; , Peters and coworkers [47] . Non-IUPAC samples were used by: +, Aki et al. [27] ; , Kim et al. [48] ; ×, Kim et al. [49] ; ♦ , Shin et al. [50] . The dashed lines represent the approximate combined expanded uncertainties for p(eval) for x 1 ≥ 0.1. Uncertainties for x 1 < 0.1 are shown in Fig. 16 . and Yokozeki [46] ; , Peters and coworkers [47] . Non-IUPAC samples were used by: +, Aki et al. [27] ; , Kim et al. [48] ; ×, Kim et al. [49] . The dashed lines represent the approximate combined expanded uncertainties for p(eval) for x 1 < 0.1. Uncertainties for x 1 ≥ 0.1 are shown in Fig. 15 .
Liquid-liquid equilibria with hexan-1-ol (near pressure p = 0.1 MPa)
LLE temperatures for mixtures of the IUPAC sample of [C 6 mim][NTf 2 ] with hexan-1-ol were reported by Lachwa et al. [21] and Wertz et al. [65] . Earlier measurements with a non-IUPAC sample were reported by Crosthwaite et al. [66] . There is good accord between the various data sets, as shown in Critical evaluation and recommended property 811 ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] . ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] . ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] . Table A1 . The error bars represent approximately 0.07ؒγ ∞ . ♦ , Kato and Gmehling [29] ; , Heintz et al. [59] . (A typographical error in ref. [59] was corrected here.
Temperatures corresponding to the γ ∞ values were accidentally inverted (highest to lowest) in the original publication.) Table A1 . The error bars represent approximately 0.07ؒγ ∞ . ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] . ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] . ♦ , Kato and Gmehling [29] ; , Heintz et al. [59] .
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Critical evaluation and recommended property 825 Table A1 . The error bars represent approximately 0.07ؒγ ∞ . , Domanska and Marciniak [25] ; ♦ , Kato and Gmehling [29] ; , Letcher et al. [58] ; , Heintz et al. [59] ; ×, Heintz et al. [60] ; ○ , Dobryakov et al. [62] . ♦ , Kato and Gmehling [29] ; , Heintz et al. [59] ; ○ , Dobryakov et al. [62] . Table A1 . The error bars represent approximately 0.07ؒγ ∞ . ♦ , Kato and Gmehling [29] ; , Heintz et al. [59] ; ○ , Dobryakov et al. [62] . Table A1 . The error bars represent approximately 0.07ؒγ ∞ . ♦ , Kato and Gmehling [29] ; , Heintz et al. [59] ; ○ , Dobryakov et al. [62] .
Critical evaluation and recommended property 827 Table A1 . The error bars represent approximately 0.07ؒγ ∞ . , Domanska and Marciniak [29] ; , Heintz et al. [59] ; ×, Heintz et al. [60] ; ○ , Dobryakov, et al. [62] . Table A1 . The error bars represent approximately 0.07ؒγ ∞ . , Domanska and Marciniak [29] ; , Heintz et al. [59] ; ×, Heintz et al. [60] . Table A1 . The error bars represent approximately 0.07ؒγ ∞ .
